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1. lutjotluciioii 

Aniiscn^^c vjliL'onudcoildc (ASO)-nicdiaicd knock- 
down of gciic expression has contnbulcd subslaiUial- 
ly lowaid oui understanding oi the physiology and 
paihohiology of pain and analgesia. ASO use has 
many advantages including the ability to specilically 
largel a smide member of a large and/or highly 
lir.mc.l..)gc>us laiviil) and the ability to control the 
Hilling ol piuLcui knuckdt>wn. ASO technology 
ilierelure enables us to elucidate the role of a target 
protein in either llie induction or maintenance oi 
pathological processes by beginning the ASO treat- 
ment betore or alter induction, respeclively. 

ASOs are particularly well suited lor the valida- 
tion K>\ nev\ drug targets because the functional 
elteci> of ASQ-medialcd knockdown of a [iiospec- 
ti\c djug target ^an predict its therapeutic potentuil. 
'I'hioui^h genomics we have mcreased our undei- 
slaiidmg of main diseases at the molecular level, yet 
dic iunaiunal .aid therapeutic implications u\ mucii 
uf ilic mformaiioii remain unexplored. The need lor 
cin.ieta and :cha[:lc t.^ols lor the validation w! 
puicnlial neu drag targets has become a critical issue 
111 the drug discovei'v process. 

ASOdiased approaches have been successlully 
.ippiu'il to many i lasses of pain-rete vanl genes 
iiKludiiig Ci^piotem LOU[jled receptors (OPCRs), 
voltage- and IilmiuI- gated ion channels, neuropep- 
tides and second messeiigcrs. However, despite the 



iihiii) imp.uKuii contributions, skeiHicism about liie 
vahdiiN ano uoiity of ASOs as a junctional geniHiiK^ 
remains Vlie general impression that the aiili- 
sense leclmoh ^v'v, ulthoudi initiall> very pronusmg. 
has in It lived up to expectations is somewhat jus- 
tihed. In K .^mg at the number of Medline citations 
U'ig. 1) sliiCe l'-^85 in resiionse to a keyword search 
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iv^iN ...ii.;.:id loi iiKiic lliaii a d-.adc In the ^.^llu■ Uinr 
nd du- IK. .i, 1^.1 ol [hjIiIk ;ii:Mns L'.iiiUiiniii;- itio ivifn- ■■kiuK.k- 



Kii •*knuckuij| u[ ■■naiis^'Ciiic"' vvc >ec a duuluiitL^ 
^^wiv 2-} seals, Mii.'1'L'sliiiu coiUitiucd lIKTCascJ 
uLih/.ilioii .)i ih. iiicllu;.!. hi coiUruNl, examination ot 
ijK nunilK-r oi Medline eilalions tor ■■aniiscnse'^ 
ic\eaK ininuna! Liroulh hy comparison. LiinUin^; llie 
nuinhei of "aniisen.se" eiiaUvJUs to those wiili reler- 
eiiLe to ••in mvo'^ produces a nearly Ihit hne. 'ilns 
Linaer-ie[)reseniaUon in the hieralure could be inter- 
preted as indicatiNc of fundanienlal Haws in the 
aniisense technolo;jy. On the contrary, we suggest 
that tlie apparent under- ulih/ation of ASOs is symp- 
loniatic of the many technical and methodological 
cliallenges (»f ASOs use and the relative lack o\ 
>>siL-matie studies delineating the best practices h.r 
iii Mvo api^hcaiions. T!ie goal of ^hl^ review i^ 
liieielore to outline the contribution of antisense 
Niudies to the tiuld of pain and analgesia, the general 
principles oi antisense technology, and the many 
technical issues nui rounding ihe application of ASOs 
in \ ivo. 



2, Antisense eontribulioJis to in vivo pain 
studies 

The ralionale driving the application of ASOs in 
pain studies generally falls into several major 
caleeories. hirst, ASOs enable the independent Tunc- 
lional characieri/ation of a single member oi a 
closely related family of proteins that cannot be 
spechically lar,L'eied using pharmacological tools. 
Seci)nd, ASOs can be used to examine the molecular 
basis of pharmacologically defined subtypes (lor 
example, see liie discussion on opioid receptors in 
Section 2.2). Ihird. ASOs provide a tool for de^ 
lermining the mechanism of action ol pharmaco- 
loiiical agents. Fourth, as a functional genomics t(H)l 
for target identiiicaiiun and validation, the antisense 
teduiolo^j) ijlteis a ..creening method for potential 
iheiapics and lis use can streamline and acceler- 
.,k- the diug di...)wiy j.iuccNS. hinally, ASf)s have 
the poiential to sciac as therapeutic agents. 

1 he studies lu^'hliL-hied in this section illuslrale the 
uide \anet> o! [xmi'relevanl proteins that have l>een 
i..u;^,Med uilh ASOs, Many of these studies ha\e 
made sieniliuaiit contributions to our understanding 
uf the neural mcdiaitisms of pain and analgesia. This 
overview is not miended as a comprehensive tally 



,\\ ,1^^ p^.;,, ;, i,;,.inr A^^( ) \>A-..-A IeI^■H^ pu! h^!:ed t>) 
a.tie iun Jv,'. ■ It ihclu.le studies i>l pain ie!e\a!il 
.'cues wheie die e\[vi iiiieiital endiHimis did ip =t 
iii.eiude n.i.i.eplion. dlie specitie del.uls uf !li<- 
expermicnlai design, ih^- evaluaiion oi kiiu.kdown 
aiui the pain rnvnlels u .ed m selected sludie^ lae 
H^nii/ed in Tal)le 2 and SeUion 

2.1.1. I'JX li . ^ piofw 

The P2X i)urinergic receplttrs (A'lP- gated cation 
channels) can signal tissue damage when activated 
l)y ATP leleased Innri dyiiiL' cells iK2| The P2X.^ 
suinini! in roi!;caLi! has hevi! imphcited m acute and 
,h,wiMc paiii Miice its discovery 13o|, largely due 
it^ locah/auoii in nocicei-live sensorv neuions [6-91. 
Howevei. the lack of specific pharmacological tools 
pre\eiued ihe generation of direct evidence to sup- 
pcuH this conieiUion. Studies using knockout mice 
reported a lack of invoUemenl of P2X3 m normal 
.-.omalic pam tluesludds but hinted at some in- 
voKeiuent m the signaling of more tonic stimuli 
[\ vsas not unlit the publication of two 
studies sut.essfully targeting P2X3 with ASOs that 
liie im|>urla(ice uf this >ubuml in chronic neuropathic 
and mllaniJiialory pam was demonsUated diiecll) 
I12T-V1 In mllammalory models. P2X3 a["'peaied to 
be mvoKed m Complete f-reunds Adjuvant (ChA) 
but iuu carrageenan-induced thermal hyperalgesia, 
and the abdiiy of P2X3 ASO-treaiment to attenuate 
CI'A-mdueed lis peralgesia correlated w illi the mag- 
nitude of the knockdown ublained in each animal 
113|. h;ne>ckdv>wn of P2X1 attenuated mechanical 
alK'dMiia (assessed by \on I'rey tilamcnlsi induced 
by -pinal nerve ligation [131 but not mechanical 
alKid>uia mdi^ced by paidal sciatic i^crve injury [^1. 
Mi>v\e\er, ihe Jcvelopmetil and maintenance me- 
chanieal In pei .dgesia fohowmg partial sciatic nerve 
in)ur\. iiiCi-uied using an auaigcsy meter (IJgi'-Basil 
Mm ,n. ImO . ^va^ adenuaied P^X3 kn.vkd^v.' 

in Li iaiaM, P2X3 kiuK'kiail mice shv>u nn 
j)aaed iheinial !)Ul n^U meeluuu.al .illod>nia h-llow 
lag neive niiuiv. suggesting that tlie P2X3 re.eptor i 
iiut involved, in mechanical [Kun ll-tf dlu-se m^v-n 
M>,teiivies ..add \k due lo strain, spe.ie^ oi method.* 
loeicai vhheienLes. De^pde these di'.e i epancies. lu»w 
ever, ASt) ai )! uoacfies have ckarlv poivided dircv 



paiii. 

2 1 J. \,>!hii'L' .micJ M)iinini chanfwls 

N^-i\L' iii|ur\ icMiiLs in .ui increased dcr]r>iLy 
\v)!t.i;Jc-JalCLl Na * ciuHiiicIs ii) the damaged ncivc, 
IcadiiiL' U) alinuriiial c\cUabilUy [15|. T\\c relative 
miporiaiicc of ilic niciuhcrs of ihc voliagc-gaicd Na 
chaiHicl faiiuty, Na\ L in chronic pain remains a 
suhjeci for debate. Altliouiih llicre are no pharinaco' 
judical touLs available for the selective largelmg ol 
each subtype, based on their sensiliviiy to letrodolox- 
in (ITX) the channels have been classitied into two 
tuncljonal categories: TlX-sensilive (ITX-s) or 
M X-iesistani rriX-r) The enhanced Na' currents 
111 injured axons are largely mediated by Ti X-r 
channels \ \()\. The NaVl.H channels, in being bolli 
T'lX-r and upregutaied m injured nerves (171, may 
be tmporlant contributors to this phenomenon, in- 
deed, ASOs largeimg NaVl.8 ehminale the ITX-r 
component of tlie C-wave in injured sciatic nerves 
[1S|, Behavioraily, ASOs directed at NaVl.8 have 
been sliown to mhiliit both the development and 
maintenance of ner\e injury-induced thermal hy- 
peralgesia and mechanical allodynia 119,20]. In a 
visceral pain model, NaVl.8 knockdown reduced tlie 
fi\ pcrcxcilabihis fjUHluccd by acetic acid treatment 
m [be bladder i2li interestingly, as was observed 
wiih P2X3, knockdown o\ NaVl.8 attenuated the 
behavior<it signs of C\\\- but not carrageenan-in- 
duced mllaimnaiory nam There may be a iundamen- 
lal difference in these two models that makes tne 
latter less susce[nibie to ion channel downregulativ)n. 
ll lias been speculated that Cl^A produces bulb 
iP.tlammaiory and nerve injury related effects, which, 
if Hue, would be consistent with sensitivity of ttie 
iier\e m|ur> component to the downregulalion ol 
P:X3 and Na\'1.8. 

Aiiliscnse sludic> iargeimg oihei faimiics ul h'U 
diaimcls liave icsuiled m the following observations: 
th the NMDA le.eptwr subtypes Rl and R2C are 
niipoiiaiu in the cUolo^y of formaim-mduced 
iivvifciisi\e hcha.h'is wheieas the R2r) is n.>l 
|22.2.">1; (2j th.' 51iT, receptor is imporlanl m 5HT 
mediated spinal anah'csia |241; (3) the a4 subunii of 
the nicv)tinic acei\lchohne leceptor, nAchR, pla>s a 



12':) aiid i-i: f.vl.l puiasMum channcK are hkcl\ hi 
tu' ni\ol\.. ^i lii iiiorpliine. baclotcn and Llonidin-.- 
aiiUn*'ctce;)la'ii lait not m the arairu vicepUon in- 
dh.ed b\ il! ^iiiMiuslamines !J0-2;si 1 hts paiiern 
invoUeniLi.l « 1 Kvl.l is ^:onsisienl ^sith the ineclia 
nism .'f aLiiuh of these ^oni[>ounds (i e,. morphine 
baciolen and clomdine are agoiusts at mhtbKwiN 
rece[n.=rs vsbereas antihi^lainines ate antagonists ai 
an ev^ilal* r> receptor). 

2. J. (j-l'f. (rih .ouplcii }cccpU)rs 

2 2 I . ( - J iCi i-jHin's 

An eiioiiihuis amount uf pw)gres- has been iiKlJc 
Hi itic opn>.J receptor (OK) held because ol' antisenM: 
technoloL'> Allliough iIkic are now knockout mice 
availatiie, A.sO based methodologies pre date their 
develojunent and have been applied to a wide rant'c 
of quesiu^'is including: idenlilication of functional 
>ublvpes, .plicc varianls. and li^'and sclectiviiv 
There has ^-c^v. an inconsistency m the literature wilh 
regaid to the OR subtypes in that the pharmaco^ 
logRally-identilied subtypes of mu-, delta- and kap- 
pa^oiMoid receptors tP'OR, fxOR, and kOR) cmt 
nunitK'r tiic cbuied rec^^ptors MORI. DORl and 
KORl 'laijcuiig of ilie cloned ORs with antisensc 
has suppoiied the evisience of [-)liar!iuu:ologiLal 
subtvp^es at tiiL mt)lecular level. lx)r example, the 
antmnetcepiioii ehciied by the ftOR agonists DlT)iM-: 
and deho!:T)ii 11 displays ddfeiential sensitivity U' 
ASOs iar;eiiiig the cK-ned DORl receptor, con- 
sistent with picMous evidence lor the two pfiarmaco- 
logicai subiNpcs. 50R-1 and -2 [2^^-331. Siimlarly. 
ilic aclions vA a kOR a-onisl in the moiiuLnion r.f 
cutaneous \ersas visceial [luciceiUion vscre tlilieren 
tialK sL-nsitivc to K(>iv aiitisciise tieatiiient, sug 
Je^l!l!: llie presence i^f aii ailditionai non-KoRl site 
,)\ .ulion Has aiionisl ir. viscera j37|. ASO-bascJ 

.J;^),);--, r^:^ also supM.ilied .1 role iOj nv)l\i iii 

ni^uiihinc wTiance, de[^endenLe and sii ess- inauce .! 
anai^-'csia r-i "^('1- rmall>, ASOs ha\e been used l-^' 
■'ni.ip" sp!u.e valiants by ihe differential larv-elini^^ >>! 

! '<2. b. this mamiLr a was deteininied h r 
^■v;iii.|i!,j. li a! hiteieni I'Ikc variants uf the uioned 
mu opioid le.eptttr MORI displa> difierential sen 
MiiMtv l.^ a [.i 'tht)ra of p.OR agoniMs i ^X-4f)i 



2.2.2. a.'Adrcncri^ic receptors 

Antisensc studies investigating the relative contri- 
butions of ihe u.-adrenergic receptor (a,AR) sub- 
types OL.^AR and a,^.AR in a^-adrenergic agonist- 
induced analgesia are consistent with the knockout 
studies demonstrating that most [47-49], but not all 
1501 or the a. -adrenergic agonists require the a^^AR 
for analgesic etiicacy. In fact, ASO treatment and 
knockout mice were used in the same study to 
provide convergent evidence for the involvement of 
the a^cAR in the analgesic action of the a.AR 
agonist moxomdinc (50]. 



2.2J. MeUihotropic ^^lutamate receptors 

The therapeutic potential of melabotropic gluia- 
niate receptor antagonists and lack of subtype-selec- 
tive agents have prompted the evaluation of the role 
of the mGluRl subtype in pain and analgesia models 
using ASOs. In acute pain assays, mGluRl ASO 
treatment produced atialgesia and decreased neuronal 
activity in response to noxious stimuli but did not 
alter responses to innocuous stimuli [51]. In chronic 
pain models, reduction of mGluRl attenuated nerve 
injury- and CFA-induced thermal hyperalgesia and 
mechanical allodynia [52,53]. In addition, some 
restoration of morphine efficacy was observed in 
neuropathic rats [52] and mOluRl ASO treatment 
attenuated the development of morphine tolerance 
[54]. Based on these data, mGluRl antagonists 
would be expected to reverse hyperalgesia and 
allodynia and increase nociceptive thresholds and 
could therefore be effective therapeutic agents. In 
addition, co-administration of mGluRl antagonists 
with morphine may enhance analgesic efficacy and 
reduce the development of morphine tolerance. 



2.2.4. Other G-protcin coupled receptors 

Several gaianin receptor subtypes have been 
cloned, raising questions regarding their role in 
different aspects of galaninergic transmission. Anti- 
sense studies targeting GalRl have demonstrated that 
this subtype is critical for galanin-mediated inhibi- 
tion of C-fibcr-induced facilitation of nociceptive 
reMexes [55,561. Thus, GalRl may mediate the 
analgesic actions of galanm receptor agonist in the 



loss 

spinal curd. CJPCR anliscnsc studies have also shown 
that the 51 11'^ serotonergic receptor subtype may 
not be required for 5HT-mediated analgesia [241 and 
that cholecysiokinin (CCK) has anti-opioid activity 
at the CCK^, receptor [57]. Other GPCRs which have 
been successfully targeted with antisense in pain- 
relcvant studies include: muscarinic Ml- [58,591, 
dopamine D2- [60], neurotensin NTl- [61-63] and 
the cannabinoid CB 1 -receptors [64,651- 



2.3. G -Proteins 

Stimulation of G-protein coupled receptors can 
lead to the activation of multiple G-prolein a- 
subunits (G,) 166]. Given the functional conse- 
quences of differential G^, activation, it is important 
to understand which of these subtypes is relevant to 
signaling in vivo. Many of the G^ suhunits have 
been targeted with ASOs and these studies have 
resulted in some interesting insights into G-protein 
coupling. Most relevant to pain and analgesia are the 
studies investigating the complement of G^ suhunits 
activated by specific analgesics. Activity of the 
supraspinally administered |jlOR agonists morphine, 
DAMGO and sufentanil, for example, was attenuated 
by antisense targeting G,.,,, but not G,,^,, G,^.. or G^^^ 
[67]. In addition, G,2„ activation differentiated be- 
tween morphine analgesia and other effects of mor- 
phine such as acute dependence and constipation 
[681. It ^J^^^ t>*^cn shown that different ^xOR and 
80R agonists are differentially sensitive to knock- 
down of a given G^ subunit. For example, morphine 
and morphine-6 (3-glucuronide appeared to utilize 
different suhunits [69] as did agonists acting at 
the 50R-1 and 50R-2 subtypes [70], Furthermore, 
analgesics acting at other families of inhibitory 
GPCRs (I.e., clonidinc at a^ARs) shared G-proteins 
with some ORs and not with others. For example, 
Kanm and Roertg demonstrated that spinal analgesia 
chciied by cionidine and moiphinc was attenuated by 
knockdown of different G^, suhunits [71]. Many of 
these studies have been reviewed elsewhere [72,73]. 
In additit)n to selective knt)ckdown of G.. suhunits, 
the G protein subunit ^2 has been targeted with 
ASOs, revealing a significant role tor this protein m 
anlinociception induced by i c v. administration of 
the hOR agonist DPDPF [74], 



2.4. MtsccUiini oiis M^^naltn^ molecules, i^row lh 
and iranscnption jaclors 

In addiliDfi lo ihe lunclional roles of many ion 
channels, GPCRs and G-proieins, ASOs have been 
applied to a wide range of pain-relevant questions 
such as morphine tolerance. It has been shown, tor 
example that knockdown of P-arreslin attenuates 
both morphine tolerance and nerve-injury induced 
allodynia [75], that knockdown of the nNOS splice 
variants allenuaies the development of morphine 
tolerance (nNOS-1) or reduces morphine analgesia 
{nNOS-2) (761 and that PKCa is involved in the 
development of morphine tolerance. Other molecular 
classes successfully targeted with antisense include 
growth and transcription factors. For example, ASO 
targeting helped identify the role of neurotrophin-3 
in ncrve-injury induced sprouting [77] and showed 
that knockdown of c-fos can inhibit inflammation- 
induced regulation of neuropeptide gene expression 
[78]. 



3, Mechanism of action 

Antisense inhibition of gene expression relies 
upon the rules t)f nucleic acid base pairing. An ASO, 
typically 15 to 25 nucleotides in length, is designed 
10 bind to a complementary sequence on the target 
RNA. As a consequence, the protein product coded 
by that particular RNA is not synthesized. The 
mechanisms by which ASOs inhibit protein expres- 
sion fall into two major categories: cleavage of 
mRNA by activation of RNase H and sleric blockade 
[79,801. The contribution of these mechanisms lo the 
action of individual ASOs is influenced by their 
chemistry and the location of the targeted sequence 
within the RNA molecule. 

RNase H is an enzyme that degrades the RNA 
strand of a DNA-RNA duplex. Upon binding of 
ASOs to RNA, an RNA-DNA duplex is formed and 
RNase H digests the RNA that the antisense com- 
pound has hybridi/ed with. As the original antisense 
compound remains intact, the ASO is free to target 
and bind with another strand of RNA, This process 
can be repealed over and over, allowing one oligo- 
nucleotide (ON) to cause the cleavage of multiple 
RNAs [79,801, Two types of mammalian RNase H 
cn/.ymes have been identified; RNase HI is thought 



U) paiiKi[).iic in rephcalion whereas RNase M2 may 
play a role in transcription [81]. The limited in- 
lormation jvaiiable on the relative contribution of 
Ihe two en/ymes to antisense effects suggests thai 
RNase H2 is the major player and its cellular 
localization is likely to differ in different cell types 
[82]. The relevance of RNase H-dcpendcnt degra- 
dation of ASO-targeted genes in the central nervous 
system (CNS) has been addressed in a study show- 
ing that the in vivo activity of ASOs against CRF2 
was lost when the ASOs were modified to no longer 
support RNase H activation [83]. However, the 
expression, activity and role of RNase H in neurons 
have not been examined directly. 

Non-RNase H-depcndcnt mechanisms of ASO- 
m.ediated knockdown are typically ascribed to steric 
blockade of RNA. Binding of an ASO to RNA has 
been proptiscd to interfere with numerous RNA 
processing events, possibly leading to one or more of 
the following: inhibition of 5'-capping, modulation 
of splicing, inhibition of 3'-polyadeny]ation, transla- 
tional arrest and the disruption of critical RNA 
struclure(s] [79,80,84,85]. 

On a practical level, it is important to be aware of 
the different mechanisms of ASO action. First, some 
DNA analogues result in the formation of ASO- 
RNA duplexes which are not substrates for RNase H. 
Thus, a sequence may show activity when syn- 
thesized using one type of DNA analogue but not 
another. Second, if an ASO elicits its effects solely 
through stenc mechanisms it may reduce expression 
of a target protein without affecting mRNA levels. 
Therefore, validation of knockdown limited to 
mRNA measurement would fail to delect any ASO 
activity. Finally, ASOs acting through non-RNase 
H-depcndeiil mechanisms may have elfecls other 
than knockdown of expression. Examples include 
inhibition t)f the expression of one splice variant 
while enhancing the expression of another [85] and 
potenlialion of expression of a targeted gene through 
increased RNA siabihty [84]. 



4. Comparison to other ^ene and protein 
lar^etinj: methods 

Alternalive technologies for inhibition of protein 
expression or function include the use of ribozymes, 
RN.^l. viia! vectors, sequestering antibodies and 
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knockout and /or transgenic animals. Kibo/yiucs arc 
somewhat analogous to ASO in thai they rely on 
complementary base pairing for targeting and have 
the ability to control both the onset and temiination 
of the Lrcalineni period. However, unlike ASOs, they 
also act as enzymes, directly cleaving the target 
RNA. The use of ribozymes in vivo is largely 
unexplored. The potential of RNAi for long-term 
gene silencing has been demonstrated in mammalian 
systems in vitro [86,871 and in vivo [88] has stirred 
excitement about its application as a functional 
genomics tool. However, we are very much at the 
beginning of exploring the utility of RNAi, par- 
ticularly in the CNS Direct comparison of RNAi- 
and ASO-medialed knockdown suggested many 
similarities between the two approaches [89]. Use of 
viral vectors to iTiodulate gene function continues to 
grow in popularity as the methodologies become 
more approachable. Viral vectors have been applied 
successfully in pain-related studies (for a review see 
Ref. [90]). One disadvantage of this approach is the 
inability to terminate activity, although this limita- 
tion may become less relevant with continued ad- 
vances in gene delivery methodologies. Sequestering 
antibodies have been used successfully in pain 
models (for example see [91]) but their availability 
is limited. 

Currently the most common method for the 
evaluation of gene function in vivo is the use of 
knockout and/tir transgenic animals. Table 1 outlines 

Table 1 

Knockdown voiius knuckoul/iiansgcnic 
Antiscnst: lechntjlugy 

Applicahle m a wide range ot speeies, including humans 
Effecis ai'e f ully icveisihle 
Lcsi expensive 

Kapid: expctimenls can begin within weeks of conception 

t){x-s not require use of s[x:cial equipment or facilities 

No confounding devclopmenlal effects 

Suiiie iiik for coinuuiidiiig corrip-cn.salory effects 

Potential lor simuiianeuus targciiiig of multiple genes 

Usually only achieves parti jI knockdown 

Animals must be generated de novo fur each cxpennicnt 

hut once a proU)col is e>tablished it can be easily adapted tu other tar gets 
Need !o control Un mm specific DNA effects 
High doses of anliscnsc can have toxic effects 
Cannot generate over-ex pressers 
Can be used to laigct a gene befoie. during or after 

an expcrimeniai manipulalinn 



mi 

sonic ol the cluiraclei islics of anliscnsc technology in 
C{)mparison to knockout and/or transgenic models. 
This comparison is not meant to favt)r one method 
over the other but rather to present some of the 
relative advantages and disadvantages of each. Tlic 
ongoing debate regarding the superiority of knock- 
d{)wn vs. knockout and other methodologies should 
be tempered by the folh)wing reali/.alions: 

• All methods have inherent dilTiculiies and limi- 
tations. 

• The decision to pursue one particular ex- 
perimental approach over others depends on 
many complex, case-specific factors. 

• Alternative methodologies should be viewed as 
complciDcntary. 

5, Experimental desij^n of in vivo antisense- 
based studies 

As is true with any method, success requires a 
good understanding of the technical advantages and 
limitations of the technology and problems are 
nevertheless inevitable. Many groups have invested 
resources in ASO-based experiments and have been 
frustrated by uninformative, uninterpretable. mislead- 
ing or simply irreproducible results. The failure of 
the ASO technology to live up to its potential can be 
attributed in large part to the plethora of technical 



Knockout /transgenic technology 

Cunenlly limited to a few species (i.e , mice, ptg^) 
Effects arc not cenerally reversible with current teehnolngy 
Mt.ire expensive 

IVvelupment can be very slow, particularly when accounting for back-crosses 

kequiies use ol a lot of s[)cciali7cd facilities 

Potential evists for confounding deveiopmeni ellects 

ifigh risk lor confnufiding cninnensalory eMeuts 

Targeting of niuliiple genes possible but laborious 

Total oblileration ol gene product 

Once a line is esubhshed the number of subjects is restricted only 
by hreeding and genotyping exiK'nses hut is limited to one target 

Need to conirul for developnx'ntal and conir>ensalnry eftecl^ 

knockout of some genes produces a lethal phenol ype 

Generation of v)\ci -expressers is common 

Although under development, conditional knockout 
technolo^:y is fioi vei mainstream 
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issues lhal inusi be atldrcssed when designing an 
ASO-based expenmenl. Among the critical issues 
are sequence activity and selectivity, ON stability, 
pnipcr use of controls, route of administration and 
uptake, dosc-dependence, time-course and adequate 
evaluation of knockdown. Careful consideration of 
ali these technical aspects is essential for successful 
ASO-based studies. Table 2 presents examples of 
experimental design parameters, the resultant knock- 
down in expression and the in vivo models used for 
selected pain-relcvani studies from the discussion in 
Section 2. It is intended to illustrate the many 
variations in target class, design, application and 
efficacy of knockdown. The abbreviations used in 
Table 2 arc delmed in the relevant topical segments 
throughout Seen on 5, 

5.1. Antisensc oligonucleotide sequence selection 

Of the many factors influencing the success of 
aniiscnse treatment, identification of active ASO 
sequence(s) is the most critical and cannot be over- 
emphasized. Improved methodologies can only 
potentiate the activity of weaker sequences that 
would otherwise fall below detection levels [92]. 
Estimates suggest that between 5 and 15% of 
randomly selected ASOs will be sufficiently active at 
a target gene to generate meaningful results [93-96]. 
This is largely due to the inaccessibility of most of 
the RNA molecule for ASO binding as a conse- 
quence of its complex secondary structure. Further- 
more, associations with cellular proteins will render 
additional regions unavailable for binding. Although 
there are methods that increase the probability of 
finding active sequences, the current state of knowl- 
edge is such that at some level sequence identifica- 
tion remains a hit or miss process. 

A comprehensive review of the literature by Tu et 
al., showed that 827r of published antiscnse studies 
(up 10 September 1997) reported data from just a 
single ASO [96]. In addition, often there is no 
information on the process or rationale for the 
selection of the sequence, suggesting that the ASO 
design was based on a "lucky strike" rather than a 
systematic approach. The seeming incongruity be- 
tween this siatisiic and the probability of randomly 
hitting up{)n an active sequence has raised concerns 
abt)Ul the inlegnly of many of those studies [93], yet 



Ihis judgniciU may be overly harsh for several 
reasons: Virsl, there is an inevitable publication bias 
as studies using inactive ASOs are unlikely to be 
published because no insights into biological pro- 
cesses will have been obtained. (This situation 
should not be confused with biologically active ASO 
studies in which knockdown is achieved but no 
phcnoiype is observed). Second, it is generally not 
conmion practice to report the inactive ASOs that 
were rejected before an active sequence was found, 
just as a medicinal chemist may not report all the 
derivatives of a compound that lack activity. 

The most conservative strategy for ASO sequence 
identification is the process of gene walking. An in 
vitro assay is first established to quantify mRNA 
and/or protein expression of the target. A series ot 
ASOs complementary to the target RNA are then 
designed hy walking along the gene. The entire 
sequence is covered and all the ASOs are screened 
for biological activity. Those that show activity may 
then be further evaluated for specificity, potency and 
maximal efficacy. It is not uncommon in industrial 
settings for hundreds of ONs to be screened per 
gene. In a recent report by Sewcll et al., 264 
sequences were screened to identify an optimal anti- 
TNFa ASO [97]. One of the major hurdles en- 
countered in this strategy is the development of an 
efficient screening system. This requires a suitable 
cell tine that either endogenously expresses or can be 
transfected with the target gene, the optimization of 
ON transfection conditions in that cell line and an 
assay for the detection of knockdown. In addition, 
the expense of synthesizing the many ON sequences 
reiiuired by this method may be cost prohibitive. 

A novel strategy developed by Hoen et al. may 
facilitate the in vitro evaluation of antisense se- 
quences [951. The authors created a green fluorescent 
protein (GfT) fusion construct of their target gene. 
This construct was then transfected into a cell line. 
Exposure of the cells to ASOs simultaneously rc- 
diKcd the expiession levels of the target gene and 
GFP. Thus GFP serves as a reporter for ASO-me- 
diatcd decreases in the expression of the target gene. 
Major advantages of this method are that it can be 
applied to any gene independent of its function and 
that the evaluation of knockdown (i e., ilow cytom- 
etry for GIT) is rapid, quantitative and does not 
require development of a novel gene-dependent 



assay. Huwcvcr, ihe possibility rcriiains thai the 
addition of GPP iiuiy change the secondary structure 
ot RNA, rcsuinng in different accessible sites tlian 
the native gciKv 

It is important \o note that in vitro efiicacy does 
not necessarily predict nor guarantee in vivo effic- 
acy, The RNA structure, the complement of acces- 
sory proteins and the regulation of the target gene 
may be different in vivo than in the m vitro 
screening system. 11ms is especially true if the 
selection is performed using a cell free system where 
none of the normal RNA-binding proteins are pres- 
ent. Furthermore, the percent activity demonstrated 
in vitro might not predict the percent knockdown in 
VIVO. Specihc details such as the cell line, the type of 
ONs (i.e., unmodiiied vs. chemically modilied 
DNA), the efhciency of uptake and the dose will all 
impact the level of activity in vitro. Similarly, the 
interaction of complex factors such as chemical 
modihcations, dose, route of administration and 
diffusion will profoundly influence the degree of 
antisense activity in vivo. If, for example, a series of 
potential ASOs are tested and the best one is only 
able to reduce expression by a third, it is possible 
that the same sequence might be significantly more 
efficacious in vivo or under different in vitro con- 
ditions. Thus, the use of arbitrary cutoff (i.e., 50 or 
75%) to discard ASOs with low in vitro activity 
levels may lead to the exclusion of active ASOs The 
potential for discrepancies between in vivo and in 
vitro eOicacies does not discount the possible bene- 
liis of selecting active ASOs in an in vitro system 
provided such a system is easily available, is opti- 
mi/.ed and models closely the cell types to be 
targeted in vivo {for example, using neuroblastoma 
cell lines for CNS targets). Under these conditions 
failure to detect in vivo activity of ASOs that were 
active in vitro would be likely due to other factors 
such as dose or uptake and efforts can therefore be 
focused on addressing these other variables. 

Central to tiie idenliiication of active ASOs is tlic 
characteri/alion of accessible sites on the RNA of 
the target gene 192|, Computer-based strategies have 
been developed that involve assessment of the free 
energy requirements for hybridization and evaluation 
of computer-predicted local RNA secondary struc- 
ture [98-100]. In addition, a number of empirical 
methods have been described, typically based on the 



use (jl random ON libraries or arrays to identify 
accessible regions on the target RNA [ION 105). 
There are also approaches for identification of active 
ASO that are independent of characlen/.ation of 
accessible sites. Several groups have performed 
comprehensive literature surveys to identify se- 
quence motifs which are positively or negatively 
correlated with antisense activity 196,106]. In one 
study the sequence motif GGGA was found in a 
disproportionate number of successful sequences 
When this motif was then used to select ASOs to a 
specific gene, the proportion of active ASOs in- 
creased from 2/18 when randomly selected to 18/25 
[96]. Some of these computer-based tools have been 
made available on-line (for example, .see Refs. 
[107,1081). 

Over the years the experimental use of ASOs has 
resulted in the generation of "rules" for sequence 
design mcluding: avoid sequences with G-quartets, 
avoid sequences that contain the two-base sequence 
CpG (cytosine-phosphatc-guanine), and favor ASOs 
which will hybridize in proximity to the start codon. 
G-Quartets (i.e., four G-bases in a row) result in the 
formation of a quadruplex which interacts with a 
number of proteins, causing non-specific effects [79). 
Systemically administered phophorothioate ASOs 
contaming the sequence CpG activate mammalian B 
cells and natural killer cells [U)91. Immune system 
stimulation has therefore limited their use as anti- 
sense drugs. Interestingly, this immune response is 
only triggered when the CpG sequence is un- 
methylated. It is hypothesized that because the 
unmethylated version is common in bacterial DNA 
and not in mammalian DNA, the immune system 
interprets the unmethylated ON sequences as bacteri- 
al and activates a response to combat the '^bacterial" 
invasion. In an interesting twist, these properties may 
be exploited for possible therapeutic benefits 
[110,111]. It should be noted, however, that the 
relevance of these phenomena to centrally adminis- 
tered ONs !s not clear. Finally, the heiief thai ASOs 
directed near the area of the start codon are more 
likely to be active has yet to be substantiated by 
systematic studies. The seemingly disproportionate 
representation of such ASOs in the literature could 
easily be accounted for by the ubiquity of that 
particular strategy rather than any advantages that it 
may confer. 
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When ulliinalcly deciding how to approacli ASO 
design, It IS worthwhile to investigate the services of 
comniercial ncirIois. Considering the potential losses 
in productiviiy (it may divert a signiticant proportion 
(}{' tunc Ironi other projects), the ensuing distraction 
Irom the real biological questions and the expense oi' 
developing a reliable screening assay, the commer- 
cial price tags may seem more reasonable. In some 
cases, commercial vendors also offer access to 
proprietary DNA chemical modifications which may 
be advanlageous. 



5.2. AfUiscnse .selectivity 

Next to the idenlificatiun of a biologically active 
ASO, sequence selectivity is the second most im- 
portant factor to be considered in the design and 
interpretation of antiscnsc studies. Part of the allure 
of anlisense comes lYom claims of absolute selectivi- 
ty, yet there is surprisingly little evidence to support 
this contention. On the contrary, evidence exi.sts 
which presents considerable challenges to this as- 
sumption. Woolf et al. studied the effect of mis- 
matches (substitution of bases that are not com- 
plementary to the target RNA) on the activity of 
ASOs in Xeuopus oocytes [ 1 12]. Whereas an intact 
25-mer produced 79% degradation of the target 
mRNA, sequences with 17/25 and 14/25 matches 
resulted in 32 and 37% degradation, respectively. An 
unrelated control produced 13% degradation. Thus, 
mismatch of nearly half the sequence failed to 
completely eliminate ASO activity. The same study 
also concluded that as few as 10 consecutive com- 
plementary bases are sufficient to produce cleavage 
of a target RNA and that this is not prevented by 
mismatched Hanking sequences. Thus, any 10-hase 
stretch within an ASO could hybridi/e to any 
complementary lO-base stretch of RNA and produce 
non-selective effects. The implications of this study 
regarding the selecliviiy of antiscnsc trealmenl arc 
alarming. Hypothetically, assume that a 20-mer 
generally requires 6/2(3 base switches for complete 
loss of efficacy (a number commonly found in ihe 
literature). One must, therefore, also assume that a 
given 20-mcr could potentially hybridize to and 
block the expression of any mRNA with which it has 
15 or more matches. Add to that the fact that any 



given 2t) liicr will contain 11 lO nicrs, each capable 
ol binding to complementary RNA and ntin-selective 
antiscnsc elfccts on genes that may or may not be 
related to the targeted gene become a very real 
possibility. Whether this theoretical prediction pre- 
sents grounds lor concern in practice is diflicult to 
assess at present. A thorough evaluation of potential 
non-selective antisense targeting would require a 
comparison of all possible combinations of (up to 
SIX) mismatches and 10-mers against the database of 
available sequences while taking into account RNA 
accessible sites. A further complication arises from 
the fact that the genome of the rat, the species of 
choice for many antisense studies, is not completely 
rharacicri/ed. From a practical standpoint, the use of 
^'gapmer'' ASOs (see Section 5.3), where the length 
of the RNase H-sensitive sequence is limited, can 
potentially reduce the risks of non-selective effects. 

Based on current standards, an ASO is generally 
considered to be selective if (a) it produces a 
functional effect, (b) mRNA or protein knockdown 
of the target is demonstrated and (c) control ONs 
have no effect on function or expression levels. This 
case is considered to be strengthened by the demon- 
stration that the expression and/or function of a 
completely unrelated gene is unaffected, but this 
observation only provides support for a lack of 
general toxicity or disruption of RNA synthesis 
following ON administration. In some cases it may 
not be possible to selectively target a specific 
subtype within a closely related family if it has 
limned unique regions and these regions arc not 
sensitive to ASO treatment. In such cases, however, 
it may be possible to target a subset of the family 
members (i.e., subunit i and 2 but not 3) or to 
develop a pan-antiscnse which targets the entire 
family (for example, sec Rcf. [31]). 

In addition (o inadvertent non-selective targeting 
due to sequence homology, knockdown of a target 
may be associated with changes in the expression, 
tratlickiiig or function t)f other relaled or unrelated 
genes due to mechanisms such as co-regulatum. This 
may result in assigning to the target functional 
properties that should be attributed to *'non-selec- 
tively" affected genes. It is therefore important that 
the demonstration of knockdown of the target is 
accompanied at a minimum by evaluation of closely 
related genes. At present, the vast majority of 



puhlislicd papers lail lo provide any evidence iliai 
chisely related lainiiy members are unaltered by 
ASO treaunenl. This is particularly problematic in 
cases where the tamily members are known lo have 
Similar lunclion and the goal of the study is to isolate 
the function of a single member from its close 
relatives [50.113-115]. The number of members in 
the family and/or the lack of appropriate tools may 
impose praciical limiiaiions on the number of rela- 
tives that can be examined. However, the identity of 
the family members most likely to complicate inter- 
pretation can be narrowed down significantly by 
taking into account what is known about their 
anatomical distribution and function. The Na^ chan- 
nels NaVl.S and NaVl.9, for example, are the only 
TFX-r subumls expressed in sensory neurons [1161 
and uiucgulalion of ITX-r currents in injured nerves 
contributes to their hyperexciiability [16). Therefore, 
the demonstration that ASOs targeting NaVl.8 but 
not NaVl.9 had functional consequences in neuro- 
pathic pain models [20] suggests that the injury- 
related changes in TTX-r channels can be attributed 
to NaVl.8. In addition, the expression of two TTX- 
sensilive relatives was not altered by NaVl.8 ASO 
treatment [20]. Although a stronger case could have 
been made if NaVl.9 protein levels were also shown 
10 be unaffected by ASOs targeting NaVl.8. the 
within family controls described above greatly sub- 
stantiate the interpretation of the findings. 

The level of complexity increases when consider- 
ing the consequences of targeting a member of a 
protein family that forms functional heteromers. The 
loss of a heteromeric "partner" could have profound 
impact on the remaining partners, causing changes in 
expression, trafficking and subunit composition 
(117-119]. In the P2X family of ion channels, 
subunits P2X2 and P2X3 are known to form 
heteromers in sensory neurons. P2X3 homomers are 
also found in these cells but P2X2 homomers arc not 
[2]. The role of the P2X3 subunit in chronic pain has 
been evaluated in both antisense and knockout 
studies. Changes in the expression level of the P2X2 
subunit were not evaluated in any of these studies 
110-13). Without controlling for changes in P2X2 
protein expression, many of the findings presented in 
these reports could have alternative explanations. For 
example, if P2X2 requires P2X3 for proper traffick- 
ing to axon terminals where it produces a functional 



eirecl. Eheii it may he incorrecl lo attribute all 
functional changes directly to P2X3. Purthermore, 
loss of a subunit may cause formation of aberrant 
homomeric or heteromeric channels. It has been 
shown for bv>lh the GABA^, and the NMDA rc^ 
ceptors that ASO-mediated knockdown of certain 
subunits modulates the composition and properties of 
the remaining channels [ 1 1 7.1 1 8, 1 20. 1 21 |. The re- 
sultant functional differences could therefore be due 
to the appearance of inappropriate channels rather 
than lo ihe loss of a single subunit. 

The adequate evaluation of antisense selectivity 
has been hampered in part by the daunting mag- 
nitude of performing expression analysis of a large 
number of proteins. Recently developed approaches 
for large-scale expression profiling at the RNA and 
protein level ijffer the opportunity for comprehensive 
and efficient evaluation of the global effects of 
antisense treatment [122,123]. DNA microarray 
studies have reported ASO-mediated changes in the 
expression of tens to hundreds of genes in addition lo 
the targeted transcript [124,125]. These changes were 
attributed to hybridization of the ASO to homolo- 
gous sites 1124] as well as secondary effects on 
genes that may be functionally modulated by the 
targeted gene [125]. Understanding the global effects 
of antisense treatment is critical for its application as 
a functional genomics tool in drug discovery because 
they may impact the ability to predict the therapeutic 
potential of novel drug targets. Furthermore, the 
ability to analyze the global effects of ASO-mediated 
knockdown of pain-relevant proteins offers a novel 
application of ASOs to the study of pain and 
analgesia. I^or example, knockdown of a growth 
factor or a component of a second messenger 
pathway is likely to interfere with the expression of 
proteins regulated by the targeted gene. Therefore, 
large-scale analysis of protein expression following 
ASO treatment could provide information on sig- 
naling pathways downstream from the target gene. 

5. J. Oli^oniu li'otide cficmi.strx 

The use of unmodified phophodiester (PDE) ONs 
is generally not recommended. Their high suscep- 
tibility to nuclease degradation, resulting in a very 
sh(>rl half-life, has Imuled their utility in most 
applications The CNS, however, represents a special 
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case in which unnuHhticd PDEs arc slahle cnougli u. 
produce anli.cnsc cHccls. This is perhaps due to 
reduced nuclease aclivily in ihe CNS compared lo 
peripheral tissues and serum. However, even in ilie 
CNS 11 IS ollen necessary lo deliver PDlis by 
conlmuous or repealed dosing lo maintain active 
concentrations. Significant efforts have been made 
towards the development of modified ONs with 
increased stability, enhanced RNA binding affinity 
and reduced it)\icity. Some issues to consider when 
evaluating the suitability of a particular chemical 
modification include binding affinity, stability, toxic- 
ity, uptake, mechanism of action, cost and availabili- 
ty. Of the hundreds of modifications that have been 
developed, tliose with the most relevance lo (he CNS 
ate discussed below. 

3 -Inverlcd 

One approach lo increase ON stability has been to 
invert the polarity of the terminal bases [83]. The 
assumption is that the 3'-inverted end would be less 
susceptible to exonuclease-mcdiated ASO degrada- 
tion. The benefits of this modification have not been 
conclusively demonstrated. 

Phophorothioates 

The development of ONs in which the PDE bonds 
between nucleotide bases arc modified lo form 
phosphorolhioate bonds has resulted in ONs with 
increased resistance to enzyme degradation while 
retaining RNase H induction. Often referred to as 
PS-ONs, phosphorolhioate ONs have been very 
useful in in viiro systems and have been successfully 
applied in many in vivo studies. 

PS-ONs are more pt)tent than PDE-ONs in the 
CNS [83,126]. In a comparative study PS-ONs and 
3'-inverted PDl>ONs targeting the corticoirophin 
releasing factor lypc-2 receptor were administered 
iniracerebroventricularly (i.c.v.). Whereas a single 
injection of 0.5 nmol resulted in a 5()^^r reduction in 
CRF binding, PO-ONs needed lo be given twice 
daily at a fo-fold higher dose lo produce a 
decrease. Unfortunately, PS-ONs suffer from a num- 
ber of serious limitations. They are notorious lor 
having multiple non-antisense effects, probably due 
to their documented binding to many extracellular, 
cell surface and muacellular proteins [79]. To further 
comphcaie mailers, these non-antisense effects may 



exhibit some sequence dependence, which can there- 
lore easily be mistaken lor biological effects one 
might expcLt from inhibiting the target mRNA. The 
niosi serious problem, huwever, is their toxicity in 
CNS. I'or example, i.e. v. administration of PS-ONs 
results in fever, weight loss and various symptoms oi 
Ml healih (83,127,128]. These effects are independent 
of nucleotide sequence but are dose-dependent. In 
addition, mlraparenchymal delivery tif high doses of 
PS-ONs results in severe tissue damage characten/ed 
by cell loss and the appearance of lymphocyte-like 
cells in the damaged region [126]. PS-ON use in the 
CNS is therefore contraindicaled. 

Eiidtap Pl)E-FS chimeras 

In an attempt to maintain some of the beneticial 
qualities of PS-ONs while reducing toxicity, 
chimeric ONs in which the first and last few bases 
are linked bv PS bonds while the rest of the 
backbone is PDE have been tested. The rationale for 
^^endcapping'^ is thai the terminal PS linkages confer 
resistance to exonuclcase activity. Endcap ONs 
exhibit similar efhcacy lo fully phosphorothioated 
ONs with reduced toxicity, although they do result in 
some cell damage [126]. In a related approach, the 
middle eight ba.ses of a PDE-ON were replaced with 
PS linkages to protect the ASO against endonuclease 
activity. Fhese chimeras were well tolerated for up to 
9 days and demonstrated significant efficacy [83]. In 
another study, both endcap ONs and a 15-mer with 
five PS residues in the center showed signs ol 
toxicity following intraparenchymal injection, albeit 
less severe than fully phophorothioaled ONs [129]. 
Thus, although PDE-PS chimeras have higher effica- 
cy than PDEs and are less toxic than PS-ONs, the 
toxic effects limit their utility. 

Peptide nucleic acids (PNAs) 

PNAs are ON analogues in which the deoxyribose 
phosphate backbone is replaced by a neutral poly- 
amide backbone. They are resistant to nticleasc 
activity and (orm more stable DNA/DNA and DNA/ 
RNA complexes 1130). Initially it was thought that 
the utihly of PNAs would be limited by poor cellular 
uptake. Elhirts were therefore made to couple them 
to tranNporter peptides lo enhance uptake. This 
approach was used successfully to decrease expres- 
sion of the galanin receptor GalRl following in- 



irathccal (i.i.) delivery of PNAs [55]. It was later 
shown, however, that PNAs couid be delivered 
iniraceliulariy to neurons without transporter pep- 
tides following direct injection into the PAG 162] and 
that i.t. administered unmoditicd PNAs could inhibit 
GalRl without uptake enhancers [56]. Thus, uptake 
into neurons did not appear to be a limitation ol 
PNAs. Furtliennore, it was demonstrated that sys- 
lemically (10 nH^/k^; i.p ) administered PNAs could 
cross the blood hrain barrier and reduce gene expres- 
sion in the PAG [63]. However, in another study 
using a transgenic mouse model in which ASOs 
correct aberrant splicing of EOF? (enhanced green 
Muorescence protein), systemically administered 
PNA-ASOs did not have a CNS effect [131]. Finally, 
PNAs are not substrates for RNase H and their 
effects may be more complex than just knockdown 
of the targeted gene. For example, PNA ASOs have 
been shown to alter the splicing of the interleukin-5 
receptor-alpha chain; the expression of the mem- 
brane-bound isoform was inhibited whereas that oi 
the soluble one was enhanced [85]. 

Locked nucleic acids (LNAs) 

LNAs are ribonucleotides in which the 2'-oxygen 
of ribose is connected to the 4'-carbon by a methyl- 
ene bridge. LNAs dramatically increase the stability 
and binding alfinity of ASOs [132]. The melting 
temperature of an unmodified PDE ASO targeting 
DORl increased from 59 °C to > 90 °C when fully 
LNA^modified [129]. Although fully LNA-modified 
ASOs do not activate RNase H, LNA:DNA:LNA 
gapmers (see below) are potent activators of RNase 
H. LNAs have been delivered to the CNS by i.t., 
i.cv. and intraslriatal administration [129]. Spinally 
delivered LNA:DNA mixmers and gapmers were 
found to be more potent than unmoditicd PDE-ONs 
and fully-LNA modihcd ONs showed no signs of 
toxicity following intraparenchymal administration 
[1291.' 

Gapmers 

Gapmers are ONs which consist of a PDF or PS 
center Hanked by modified nucleotides. The modified 
ends of the gapmers result in increased stability 
and/or RNA afliniiy while the stretch of PDE or F*S 
mt)nomers in the center confers ability to activate 
RNase H. Chemical modifications thai have been 



used ior gapmer design include I.N A, PNA, and 
replacement of the hydrogen at the 2'-posilion of 
ribose by a methyl (2'-OMe) or nietlioxyethyl (2'- 
MOE) grou]! [132,1331. Whereas a center stretch of 
seven or eight PS monomers are required for 
LNA:DNA activation of RNase H, 2'-0Me gapmers 
require only six [132]. To date there is no evidence 
of gapmer-medialed toxicity. LNA and 2'-M0E 
papmers have been used in vivo in pain-related 
studies (12,13,129]. Although the 2'-M0F; modi- 
fication is not available for general use, the related 
2'-0Me modification is commercially available and 
2'-0Me gapmers have been shown to target success- 
fully the capsaicin receptor VRl in vitro 1132]. 

5, 'A Controls 

Controls are a crucial component of any ex- 
perimental design. In antisense studies, inactive 
DNA sequences are used to control for the specificity 
of the treatment. There is currently little to no 
agreement regarding the most appropriate DNA 
controls. It is well known that ON administration 
may have non-specific effects in addition to the 
desired antisensc-mediated knockdown in expression 
of the target gene. Many of these effects are difficult 
to predict and/or explain given our current knowl- 
edge and are highly dependent on the specdics of 
each experiment (e.g., chemistry, route of adminis- 
tration, dose). 

Administration of ONs to the CNS, regardless of 
sequence, may result in increased body temperature, 
reduced fluid mtake, weight loss, decreased motor 
activity, changes in nociceptive thresholds, neuronal 
loss, induction of interlcukin-6 and infiltration of 
lymphocyte-like cells as well as other signs of 
general sickliness [83,126,129,134,135]. The nature 
and intensity of these effects varies with many 
factors such as dose, route and duration of adminis- 
tration and ON chemistry. The inclusion of the 
proper Ci)nlrois is therefore essentiai for tfie inicrpre- 
lation of atUisense experiments. 

01igonuclet)tide efTects can be sequence-depen- 
dent, sequence-related and sequence-independent 
[136], Sequence-dependent effects include hybridiza- 
tion to the target mRNA and the inadvertent target- 
ing of homt^logous mRNAs. Sequence-related effects 
do not have an antiscnse-based mechanism but are 



a^^tKUiLcJ wall sjxxiiic DNA niotiTs and/t>r ihc 
tornialion ut secondary or higher-order structures, 
such as guanosine-quartets. CpG monrs or palin- 
dromic sequences [93.109,137]. Sequencc-indepen- 
denl ctiects arise iVoni the chemical prtiperties ol the 
ONs. The use of the term non-specific effects often 
encompasses all effects an ON not attributable to 
an antisense-based action at the target gene. How- 
ever, smce sequence-dependent and sequence-related 
eftecis may liave a specihc mechanism of action. 



such as afliniiy for a related mRNA, the term non- 
specilic will only be used here to describe sequence- 
mdependenl effects. It should be noted that the 
conlribulion of sequence-independent eflccls to the 
observed effects of ASO-treatmenl can only be 
adequately evaluated based on comparison of the 
DNA conuol group to a vehicle control group. Tlie 
importance of vehicle controls is further discussed in 
Section 5.7. 

Many l>pes o! DNA contrt)ls have been used in 



Tabic 3 

Advantugcs and disadvantages of DNA controls 



Advantages Divid vantages 





Can ptrform mismaiLh vs funetiun sludses 
May conlrol for prohlentatic inulifs 
Control for physical propcnies such as si/e 
and base composiiton 


Potential residual hybridization at targel 
Potential hybridization at non-target genes 
Pn^^iblc ap|)earanee of problematic motifs 
Rcsidls may be difficult to inierprcl 
Diltieult to design 


Scr.imbk'J 


Wdi not hybridize with target niRNA 
Control for physical properties such as si/e 
and base composition 


Puiential hybridization at non- target genes 

Appearance of and/or failure to control for problematic motits 

Dilticuli to design 


Reverse 


Will not hybridi/e with target niRNA 

May control for some problematic motifs (il not 

orientation sensitive) 

Control for physical properlics such as si/e 
and base composition 
Easy to design 


Poiential hybridization at other genes 
Appearance of and /or failure to control 
for problematic motifs 


Sense 


E;isy to design 


l\)ieiUi.il hybridi/.adoii a! other genes 

High metdence of unexplained biological activity 

Appearance of and/or failure to control for problematic motifs 


Universal 


No design necessary 

Excellent control for sequenee-mdependeiH 
effects 


Nut well represented in literature 

raiiure to control for problematic motils and 

nn)>t other physical properties such as base composition 

potential for confounding effeels unexploied 


Taj get mg ot une\p!V^^ed 
ur unrebted genes 


Control for sequenec-indeix'ndent elleels 


failure to conlrol for problematic motifs and most 
oihei [ihysical properties such as base eomposiiion 
An "unrelated" t)r "unexpressed" gene ni.iy turn nut 
lu he "lelated" and/or expressed" 


NtMi-cxpiessinjt! ^ells 


Uselul in vitro to dcnionslrale scLeli viu ot ASO 


N >l UMfui HI VIVU 


Add)lionjl ASO seL|ueiue> 


Provides multiple converging lines o! suppoit 
tot experimental findings 


Inuea^ed use of resources 

Dillicult 10 fmd multiple unique aeiive se(!uenees 

atMinsi a target gene 


Uusequeiiual niodilieil 
ASOs as controls 


Control for non-s|X'cilie eifects 


'IIk- u--e ot additional Lheinisiries ma> require changes 
m prohKols and could become very labor intensive 
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antiscnsc sludics aiul each one has its own pccuhar 
share of advanuiLics and disadvantages. Il is therefore 
important when designing or evaluating anlisense 
studies to he eogni/ant of the hmitations of the 
dilierent types of DNA controls. In general, DNA 
controls should be of the sanae length and chemistry 
as the ASO and should lack homology to other 
known genes. In addition, motifs such as G-quartets 
must be equally present or absent in both anlisense 
and control ONs. Table 3 and the discussion below 
highlight some of the key issues to consider for the 
commonly used DNA controls. 

Mismatch oligonucleotides as controls 

Mismatch (MM) DNA controls, in which several 
pairs of bases within the antisense sequence have 
been swapped, are common in the literature. The 
primary advantage of MM controls is the retention of 
many properties of the active ONs such as molecular 
weight and GC content. In addition, MM ONs may 
retain problematic sequence motifs and higher-order 
structures characteristic of the ASO sequence. Thus, 
both sequence-related and sequence-independent ef- 
fects may be accounted for, 

The main disadvantage of MM controls is the 
potential for residual activity at the target gene, 
which can compromise interpretation of the results. 
If, for example, an experiment is perfonned in which 
a MM control produces a partial effect, it would not 
be possible to distinguish between the following 
possibilities: ( 1 ) the partial effects are due to residual 
affinity at the gene of interest (sequence-dependent). 
(2) The partial effects are due to the inadvertent 
targeting of a related or unrelated gene (sequence- 
dependent). (3) The partial effects are due to a 
specihc motif that may or may not be present in the 
ASO sequence (sequence-related). (4) The partial 
effects are due to general toxicity of the compound 
itself (sequence- independent). 

The potential for residual hybridization at the 
target gene raises the question of how many bases 
need to be switched to eliminate target-specific 
hybridization. As discussed above in Section 5.2, it 
has been suggested that mismatch of nearly half the 
sequence may fail to eliminate the ASO activity 
[1121. In another study a mRNA was targeted by 
four different active ASOs, each with their own 
nusmaich controls. While all four ASOs inhibited 
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niRNA levels, two of the MM control.s had partial 
ctficacy and two lacked efficacy, highlighting the 
variable nature of MM controls. The number of 
switches necessary to eliminate hybridization is 
currently tlie*)retically unpredictable and will depend 
on many complex factors, including the affinity of 
individual ASO for their RNA binding site, the 
location of the mismatches (mismatches at the 5' or 
3' ends are less effective than those in the middle), 
the type of base (some substitutions will have greater 
effects on hybridization affinity than others) and the 
total number of bases swapped. 

In light of the limitations described above, the use 
of MM ONs as controls is therefore not advisable. In 
the event that it is necessary to use MM ONs to 
account for a problematic motif, examination of a 
series of MM ONs with increasing numbers of 
switches should ideally be employed. A correlation 
between the number of misplaced bases and loss of 
function .strongly supports a sequence-specific mech- 
anism of action for the ASO 1138,139). Alternative 
approaches include generating multiple MM con- 
trols, in which independent base pairs are swapped 
or combining MM with another type of control (i.e., 
Universal, see below). An unavoidable consequence 
of the above-mentioned strategies, however, is an 
increase in the expense of each experiment. 

Scrambled oli|ionuclcotides as controls 

A variation of the mismatch approach is to design 
a control ON by completely scrambling the ASO 
sequence. Scrambled ON controls, in maintaining the 
GC content of the ASO, share many of the advan- 
tages of MM controls but are free of lingering 
questions regarding residual hybridization at the 
target or closely related genes. However, they do 
share some of the other disadvantages of MM 
controls such as the unpredicted inadvertent hybridi- 
zation to unrelated genes. A limitation of scrambled 
controls IS the failure to control for problematic 
motifs lliat may be present in the ASO such as 
G-quarlels. 

Reverse oligonucleotides as controls 

Reverse ONs are prepared by synthesizing an 
ASO sequence in reverse. The reverse control for an 
ASO reading y-ATCCG-3' would be 5'-GCCTA-3'. 
Reverse controls share the same advantages and 
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disadvanlaiics wiih scraiiil)icd controls bul arc easier 
U) design. However, since the sequence is predclined 
by the ASO sequence, the use of reverse controls is 
hn.iited by their p<nential homology to other genes. 

Sense oligonucleotides as controls 

Sense controls are those complementary to the 
ASO and identical to the mRNA target. The sense 
control for an ASO reading 5'-ATCCG-3' would 
iherelore be S'-CCJGAT-3'. There are many dis- 
advantages to their use including the failure to 
control for problematic motifs (i.e., GGGG becomes 
CCCC). There is a prevailing view that sense 
controls produce biological effects at a higher fre- 
quency than can be attributed to sequence-mdcpcn- 
denl effects alone 1136]. Despite the lack of hard 
data supporting this notion, sense controls have little 
advantage over other control sequences and therefore 
can be avoided 

Universal or **randomer'' oligonucleotides as con- 
trols 

Universal control DNA consists of a mixture in 
which the probability of an A, T, G or C being 
inserted at each position is equal. The result is a 
mixture of low concentrations of all possible se- 
quences. This mixture is an excellent control for 
non-specific ctfccis such as DNA toxicity. Other 
advantages include case of design and the ability to 
control for multiple antisense sequences simultan- 
eously. However, our lack of knowledge regarding 
the potential elfecis of low levels of DNA hybridiz- 
ing 10 many mRNAs simultaneously is a cause for 
concern. 

Antisense targeting unexpressed or unrelated 
genes as controls 

The inclusion of an ASO known to be active 
against a gene not expressed in the experimental 
system can be used as a control (i.e., targeting 
lucilcrase in lal spinal cord). A negative result with 
an ASO that is active in other systems is considered 
by some to provide strt)ngcr support for selectivity 
than would a scrambled or reverse control. However, 
from the perspective o>f the spinal cord, a sequence 
with activity at luciierase looks no different trom 
scrambled except in its failure to control for GC 
content-related factors such as molecular weight or 
hvbndt/.alion siiength. These controls are therelore 



less advam.iLeoLis than scrambled or reverse. In an 
extension of this strategy, genes thai are expressed in 
the experimental system but arc thought nt)t to be 
involved in the phenomenon under investigation 
ct)uld be used as controls. In the event that knock- 
down of the unrelated gene is validated yet has no 
lunctional effect in the experimental assay, specili- 
city will have been well demonstrated. However, 
idenliiication of a candidate *'incrt" gene is proble- 
matic and Ml the event that the conliH)l has partial 
efficacy the experiment would be uninterpreiable. 

Non-expressing cells or knockouts as controls 

One can test for non-specific effects of an ASO in 
a system where the target gene is not present. This is 
particularly applicable to in vitro systems in which 
the target gene is being artificially expressed. In such 
cases, ^the efiect of ASO-lrealment in untransfected 
cells can be compared to those expressing the target 
gene. Any addUional effects observed in the trans- 
fecled cells would be considered to be antisense- 
mcdiated and sequence specific. However, this ex- 
periment would not control for the potential emer- 
gence of undesired sequence-dependent effects in 
vivo. Consider, for example, a situation in which 
genes closely related to the target mRNA are ex- 
pressed in vivo hut not in the in vitro systeni. Tlic 
potential for cross-reactivity between related genes 
will be missed in vitro. In addition, in vitro assays 
will nt)l control for non-sequence dependent eliects 
that might arise in vivo such as toxicity at the site of 
administration. There arc currently no published 
reports of ASO-trcatment in a knockout animal. 
Ideally, the antisense should have no activity com- 
pared to DNA controls since the target gene is 
absent. Any other result would be difticuU tt) inter- 
pret. 

Additional antisense sefiuenccs as controls 

The ability to demonstrate similar effects with 
muitiple ASOs targeting the same gene strongly 
supports an aniisense-bascd mechanism of action // 
and onl\ if the potential for non-specific effects has 
been convincingly eliminated with appropriate DNA 
coiut oK. 

Isose(|uential antisense oligonucleotides as con- 
trols 

11 the sanie ASO, synthesized with two different 
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clieniisincs, decreases expression of the target gene 
and produees a consistent biological phenolype in 
independent experiments, it would be considered 
highlv unlikely that the ASO-mediated cllecls were 
non-specifk. However, this type of experiment 
stiould be considered complementary to and there- 
fore only used in addition to proper DNA controls. 

5 5. Route of administration 

ONs are unable to penetrate the blood-brain 
barrier and are delivered to the CNS either i.t. i.c.v. 
or intraparenchymally using chronic indwelling 
catheters. Due to limited diffusion [140-1421. these 
approaches target a relatively small area in proximity 
tu the catheter or cerebral ventricles. Another major 
disadvantage of these approaches is their invasive- 
ness, which can result in non-specific effects. Be- 
havioral assays are particularly sensitive to the stress 
and discomfort associated with invasive surgeries. 
Potential noivmvasive alternatives for antisense ad- 
ministration 10 the CNS include intranasal delivery 
[143_145] and systemic delivery of stable 
chemically-modincd ASO to the CNS 
[61,63,146,147]. Finally, transcutaneous administra- 
tion may be useful for delivery to sensory neurons 
via their peripheral tenninals [148]. 

Intrathecal delivery is the most common route of 
administration used in pain-related antisense studies. 
It is usually accomplished via a chronic indwelling 
catheter [149], although many groups employ direct 
lumbar puncture, particularly in mice [150]. The 
primary limitations of the direct lumbar puncture 
method for antisense studies are the need for re- 
pealed injections and the skill of the injector. Since 
the injector should be blind to the treatment groups 
and no clear functional readout for successful in- 
jection IS immediately available, the injector must 
have demonsirated a consistently high i^^m) 
success rate. 

In rats and iaigcr animals i.t. delivery is aiMH^si 
always accomplished using catheters. The exposed 
end of the catheter can be used for bolus injections 
or can be attached to an osmotic pump for slow 
infusion over time. A direct comparison between 
bolus injections and minipump delivery of ASOs 
noted signihcantly greater ASO uptake in dorsal root 
ganglia (DRG) cell bodies following slow infusion 
[13], This method also requires less involvement of 



technical stall and causes less stress in the animals. 
Tliere are two main approaches to catheter place- 
ment, most commonly used is to extend the 
catheter from the cisterna magna to the rostral end ot 
the lumbar enlargement. Although animals cathctcr- 
i/cd in this manner do not have overt pain symp- 
toms, there are signs of compression injury to the 
spinal cord as well as formation of scar tissue around 
the end of the catheter [151]. A more recenUy 
developed method inserts a catheter at the level oi 
the lumbar enlargement using direct lumbar puncture 
[152]. This method is preferable for both humane 
and scientific reasons but is currently more labor 
intensive. 

The position of the catheter relative to the dorsal 
and ventral horns of the spinal cord vanes con^ 
siderably. Given the observation that dorsaliy placed 
catheters result in ASO effects in dorsal but not 
ventral horn [51], ventralty placed catheters are 
unlikely to result in knockdown of proteins ex- 
pressed in the superhcial dorsal horn. Therefore, 
inclusion of animals with ventrally or laterally placed 
catheters is likely to contribute to increased vari- 
ability in pain-related antisense studies. The location 
of the catheter can be determined using lidocaine 
ptior to functional analysis [54] or using post-mor- 
tem analysis [51] and only animals with dorsaily 
placed catheters should be included in the analysis. 

5.6. Olniouiuieotkie uptake 

ASOs are readily taken up in the CNS without the 
aid of uptake enhancers. The presence of ASO in 
sensory neurons following i.t. administration has 
been visuaU/ed using nuorescenl probes and anti- 
bodies recognizing chemical modifications [13,19]. 
However, the series of events that deliver the anti- 
sense from its point of infusion to the sensory 
neurons as well as the factors that inlUicnce these 
events aie unclear. Although the extern ut dillusiun 
of ASOs wuhm the i t space is uncharacten/ed, it 
appears that the ASO effect is restricted to the region 
caudal to the catheter [191 The effect of the rate of 
infusion is unknown, but this factor is likely to 
influence the effective concentration of ASO at the 
site of action throughout the treatment. The precise 
site(s) of neuronal uptake of ASO after i.t. adminis- 
tration has not been determined; possibilities include 
the central terminals in dorsal horn, the dorsal roots 
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or ihc ORG cell hodics. Furlhcrmore, ihc rclalivc 
degree of ASO uptake in DRG neurons versus spinal 
curd neurons has not been characterized. However, 
uptake or lluorescenlly lagged ONs has been shown 
in spinal cord 122] and anlisense has been used to 
successfully target proteins expressed in dorsal horn 
[23,501, indicating that ASOs have access to spinal 
cord neurons, f^roin a practical standpoint, factors 
that should be considered when choosing a probe for 
the visuali/.aiion of ASO delivery include the stabili- 
ty of the ON and the stability of the probe under the 
experimental conditions (e.g., structural integrity at 
body lemperaiure, resistance to enzymatic cleavage, 
compatibility v%ith lixalion). 

Comparis'jn of the in vivo uptake efficiency of 
ASOs with different chemical modifications may 
help elucidate these mechanisms and optimize the 
experimental design of anlisense studies. For exam- 
ple, in vitro ii has been demonstrated that in the 
absence of uptake enhancement, cationic (e.g., PNAs 
with four lysines at the 3' end) and neutral (mor- 
phohnos) ASOs cross the cell membrane more 
efficiently than negatively charged ASOs (2'-M0E) 
[1531- Increased uptake of PNAs containing 4 lysines 
at the 3' end has also been demonstrated in vivo 
11311. 

Systematic comparisons of technologies designed 
to enhance cellular uptake of DNA in vivo arc 
needed to optimize ASO delivery. Liposomal carriers 
are commonly used in vitro to facilitate uptake and 
many of these preparations are commercially avail- 
able. Due to differences in their properties, it may be 
necessary to lest several sources before identifying 
the best preparation for each in vitro system [89], 
Although it has been shown in at least one study that 
liposomes did not facilitate ON uptake in the CNS 
122], comprehensive screening of different prepara- 
tions would be required to identify a potentially 
tKcful one ImihIkm inmr, H'vrn our inionipl''''^ 't'^ 
derstandmg o! ih.e mechanisms of ON ut)take in iiie 
CNS, il is not possible to predict if the use ol 
liposomes will confer any advantage. 

An interesting strategy for uptake enhancement is 
the conjugation of ONs to carriers that may facilitate 
endocytosis. The conjugation of ONs to cell penet- 
rating peptides has been shown to enhance ON 
delivery to the nucleus in vitro [154]. The potential 
of these methods for in vivo delivery in the CNS. 



howe\er, remains to be fully explored. Furthermore, 
there is evidence that lhe.se peptides ctintribute to 
non-specilic effects 1124]. In another approach, 
biutinylated ONs were bound lo a transferrin re- 
ceptor monoclonal antibody-slreptavidin (mAb-SA) 
conjugate [146,147]. Upon binding to the antibody, 
the transferrin receptor underwent receptor mediated 
endocytosis across the blood brain barrier, delivering 
systemically administered ONs into the CNS 
[i46,147|. An alternative strategy, which may con- 
tribute 10 increased uptake as well as cell-specific 
targeting, is lo conjugate the ON lo a ligand which 
binds to a receptor expressed by the targeted cell 
type, thus inducing endocytosis. In one example, 
ONs were covalently bound to a glycoprotein which 
caused receptor-mediated internalization in the target 
cells [155]. Il should be noted that the benehts of 
increased uptake of carrier-ON conjugates may be 
eompronuscd by intracellular trafficking such as 
trapping in cndosomes, which would limit the access 
of ONs lo their site of action [1561. 

5. 7. Olii>(}nii(ieotide dose 

In the famous Indian fable "The Blind Man and 
the Elephant", a group of blind men were assembled 
and each was presented a part of an elephant: the 
head, ears, tusk, trunk, foot, back, tail or tuft, and 
then asked to dcscnbe what sort of thing an elephant 
IS, In describing just the part of the animal that they 
had access to, their descriptions were all simul- 
taneously partially correct and completely wrong. In 
pharmacology, conclusions based on analysis of a 
single dose point are analogous to the blind men's 
descriptions of the elephant: simultaneously partially 
correct and completely wrong. In the pain-relcvanl 
literature there are surprisingly few studies examin- 
ing the effects of ON dose and dosing schedule in 
vivo. As a result, the impact of these factors on 
;,Mi;srtwr iir.itnirnt in \hc CNS is niiVii'.wn li 
known, hiiwevcr, thai the th.erapeuiic wmdow might 
be narrow and that the dose range and ideal dosing 
schedules will change with chemistry, route of 
administration, the target gene and the experimental 
endpoinl. 

The importance of examining the full dose range 
of ON effects is illustrated in the hypothetical 
experiment presented in Fig. 2 and Table 4, In this 
example, the effect of an ASO is compared to one ol 
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Fig 2 HypotiiCiic.il tiaia demonstrating the irnpoilance of dose- 
response analyses. The vertical grey bars delineate the % response 
at a single dose point Depending on the dose examined, the 
results may lead tu ditterent conclusions, as outlined in Table 4. 
The results may also be interpreted differently depending on the 
response of a vehicle control group or in the absence of such a 
control. 



two DNA control groups— a MM and a '^universal" 
control. As shown in Table 3, this experiment would 
lead to fundamentally different conclusions depend- 
ing on the presence of a vehicle control, the baseline 
set by a vehicle ct)nlrol and, most critically, the dose 
point examined. In the absence of a vehicle control 



group, cNulualion of dtise B or C vv(juld suggest the 
presence of an ASO-mcdiated effect wheieas doses 
A and i: would indicate a lack of effect in all 
ON-trcalcd groups. In the presence of a vehicle 
conin)!, examination of a single dose-point leads to 
an entire range of conclusions (no elTect, ASO- 
specitic effect, non-specific DNA effects) depending 
on the chosen dose. 

Our current lack of appreciation for the impor- 
tance of ASO dose is illustrated by examining the 
effects of i.t. ASOs targeting P2X3 in three in- 
dependent studies. In one study, antisense and con- 
trol ONs were synthesized as 2'-0Me gapmers with 
a PDE middle [157], The 2'-0Me chemistry is 
related to the Z'-MOH chemistry used in the other 
two studies li2,13j. In all three studies ONs were 
administered by slow infusion through osmotic 
minipumps. The doses used and percent knockdown 
were as follows. ( 1 ) Doses of 2.4, 7.2 and 24 ^xg/day 
of 2'~0Me-PDE gapmers all resulted in an approxi- 
mately 30^7f decrease in P2X3-immunoreactivily 
(P2X3-ir) by quantitative image analysis in the 
dorsal hoi-n [157]. (2) Approximately 30^fc knock- 
down in P2X3-ir in dorsal horn and 50% in P2X3 
niRNA measured by in situ hybridization in DRG 
was achieved using 2'-M0n-PDE gapmers at 180 
jxg/day 1 12]. (3) 2'-M0F:-PS gapmers at 240 |jig/ 
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day produced an average of 40% knockdown by 
Western bloi analysis [13|. The magnitude ol P2X3 
knockdown is ilieiefore relaliveiy constant (Vom 2.4 
and 240 fxg/day. The apparent "saturation'^ of the 
knockdown could be rationalized in muhiple ways, 
such as the relative eificaey of the sequences used 
and the possibihly that intrinsic regulatory mecha- 
nisms limit the antisensc effect to a maximum of 
30-50%. Regardless, these data emphasize the need 
for systematic analysis of antisensc effects in terms 
of dose dependency. 

A final note about dose: the doses of ON delivered 
into the CNS are best expressed in terms of nmol and 
not (jLg. As the molecular weight of ONs changes 
with base composition, length and chemical modi- 
fication, two samples, each with the same number of 
pLg per unit volume, might have significandy differ- 
ent ON concentrations. Therefore, it would be tech- 
nically incorrect to assume that groups of animals 
treated with equal volumes of these samples have 
been exposed to the same dose. When converted to 
nmol per unit volume, the concentrations are stan- 
dardized across samples and direct comparisons can 
be made, 

5.S. Doling schedule 

The level of protein expression and the rate of 
turnover will impact the efficacy, time course and 
dose requirement of antisensc treatment. The longer 
the half-life of the protein, longer time-courses of 
administration may be required. For example, func- 
tionally relevant knockdown of G-protein a-subunils 
and ti-arreslin can be achieved with single ASO 
mjections [67,75]. In most protocols targeting 
GPCRs, animals are dosed for up to 3 days yet the 
half-lives are thought to range from 2 to 8 days [83]. 
Longer treatment periods may result in significant 
increases in knockdown. When ASO treatment 
against CRF.R was extended from 5 to 9 days, the 
reduction in receptor binding increased from 40 to 
()UV;, to 80V< [83 j. 

In addition to the total length of treatment, the 
treatment interval chosen could have dramatic conse- 
quences on the results of a study. Fig. 3 depicts the 
effect of three differenl dosing schedules (12, 24 and 
48 h intervals) on a hypothetical endpoint. The 
arrows indicate each lime compound is administered. 
In this example, if the experimental endpoint is 
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ASO-mediated ettects. As a result, the effect of ASO-treatitient 
may be missed if the experimental endpoint is not mea.sured at the 
optimal lime. 



measured 12 h after the first treatment, similar 
elTecls would be observed in all three groups. If the 
first assay point is 24 h after the beginning of 
treatment, an effect will be observed in the 12 h 
group but not the others. If the measurements are 
taken 36 h followmg initiation then efficacy will be 
observed in the 12 and 24 h interval groups but not 
the 48. The purpose of this illustration is to stress the 
importance of the time-course of action following 
administration. In practice it may therefore be advan- 
tageous to give small doses several times daily or 
slow infusion rather than expose the animals to 
larger doses less frequently. This should reduce acute 
toxicity and maintain ASO concentrations at a more 
steady level. Furthermore, ASOs delivered i.t. by 
slow infusion have been shown to accumulate to 
much greater extent in DRG cell bodies than follow- 
ing repealed bolus injection [131. 

5.9. Evaluauon of knockdown 

The demonsiration of antisense-mediated knoc- 
kdown of the targeted gene is necessary for the 
interpretation of anlisense studies. In the presence of 
ktmckdown, lack of a functional effect after anti- 
sensc treatment would be interpreted as evidence that 
the tarizcted eene has no functional role in the 



sludicd plicnoinciioii. However, in the absence ol 
knockdown, the lack of functional cHcct would be 
attributed to insulVicieni biological activity oi the 
ASO and would prt)vidc no inlbnnalion about the 
function oi the target gene. Similarly, without de- 
monstration of knockdown, any functional changes 
observed after ASO-treaimcnt cannot be attributed to 
ASO-mediaied effect at the target gene. 

In many aniisensc studies in the literature the 
magnitude of llie functional changes exceeds that of 
the change in expression. For example, a 35-55% 
reduction in deltorphin IT binding was associated 
with 80-90% reduction in deltorphin Il-mcdiated 
analgesia 1 129). Similarly, reduction of P2X3 expres- 
sion by less than 50% resulted in the complete loss 
of a3me ATP- induced mechanical hyperalgesia and 
greater than a 50% decrease in aPmcATP-induced 
tlinching behaviors 112,13]. This discrepancy is most 
likely associated with phenomena such as spare 
receptors and with the fact that the functional assay 
and the expression analysis may measure different 
pools of the targeted gene. 

In addition to its importance for interpretation of 
functional results, systematic analysis of knockdown 
performed prior to functional analysis can be very 
beneficial in the design of the functional portion of 
the study. Information on the dose-dependence and 
time-course of changes in expression of the targeted 
gene provides a basis for selecting an appropriate 
dose range and dosing schedule for functional 
studies. It could be argued that performing expres- 
sion analysis prior to functional analysis is not an 
efficient use of time and resources. However, expres- 
sion analysis recjuires less animals per experimental 
group than functional studies. In the long run this 
approach may therefore save lime and resources that 
would have been wasted using inactive ASOs or 
performing functional analysis at suboptimal dose 
and /or lime-poinls. 

The issues surrounding controls, dose and time- 
LDurse discussed in the pieeetiiiig slcOdiis aic .in 
relevant to the analysis of knockdown as they are to 
the functional analysis. In a number of studies the 
control MM ASO resulted in increased variability m 
the expression levels of the targeted gene compared 
to other experimental treatments (for example, see 
Refs. [19,54]), consistent with the possibility of 
residual efficacy of the MM. However, in the 



I 10^ 

absence ol other DNA controls ii is impossible to 
determine il MM elTecls are due to residual efficacy 
at the target gene or to non-specific effects, More- 
over, in some of these studies statistical significance 
is reported based on comparison of the anlisense 
group to the vehicle group using a r-tcst, without 
comparison between the antisense and the mismatch 
group, in order to conclusively demonstrate an 
anlisense- mediated effect, it is necessary to demon- 
strate thai the anlisense group is different from both 
the vehicle and the control DNA group(s) using 
statistical tests for multiple comparisons (for exam- 
pie, sec Ref. 123]). Finally, there have been surpris- 
ingly few studies exploring the dose-dependence and 
time-course of anlisense-mediated knockdown (for 
examples, see Refs. [71,158|). A correlation between 
the degree of knockdown and the functional effects 
across dose and /or time would support a causative 
link between them. 

Antisense-mediatcd knockdown can be evaluated 
at the mRNA or the protein level, and ultimately the 
approach chosen is determined largely by the avail- 
able tools and expertise. Levels of mRNA can be 
assayed by a variety of methods, including Northern 
blot analysis, in situ hybridization, RNA protection 
assay or real-time reverse transcription polymerase 
chain reaction (RT-PCR). Many antisense studies 
assess knockdown solely based on mRNA measure- 
ment (for example, see Ref, [23]). However, anti- 
sense treatment reduces mRNA levels only if the 
ASO acts through an RNase H-dependent mecha- 
nism, and therefore limiting the expression analysis 
to mRNA levels may result in a false negative. In 
fact, ASOs that act through non-RNase H-dependent 
mechanisms may even enhance the levels of the 
targeted gene 184,159]. Furthermore, the relationship 
between mRNA level and protein expression is often 
non-linear |1221. Given these difficulties, relying on 
mRNA assays to validate knockdown could lead to 
misinterpretation of the experimental results. 

|,L. ,!!y , (iiji'irehensivr MnhsL-nse siiuiy would 
include exiiression analysis at both the n^RNA and 
die pri)lein level (for example, see Refs. 
1 12,126,Ki()|). If this is not feasible, it is preferable 
to demonsirate decreases in protein levels because 
they will ultimately determine the levels of func- 
tional activity. The majority of methods for analysis 
of protein expression are antibody-based, including 
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iinnuinohislocheinisiry (IHC) (for example, see Rels. 
[19,161]), VVesiern blol analysis (for example, see 
Refs. i 13,71, U)()l). en/.yme-linkcd immunosorbent 
assay (EIJSA) (lor example, see Ref. [77]) and 
radu)mmiunoassay (RIA) (for example, see Ref. 
[126]). In all oi these approaches, the quahty of the 
results will hrst and foremost be limited by the 
quality of the antibody used. Non-antibody based 
methods such as receptor binding (for example, see 
Refs. [24,162,163]). autoradiography (for example, 
see Refs. [22,56]), or mass spectrometry are also 
available. 

Evaluation of knockdown requires some form of 
quantitative analysis. Qualitative judgments based on 
visual observations are generally not accepted as 
proof of antisense-mediated effect. Based on the type 
of tissue processing, the methods for expression 
analysis fall into two major categories: histological 
(e.g., in situ hybridization, IHC» receptor autoradiog- 
raphy) and biochemical (e.g., Northern blot, Western 
blot, ELISA, RNA protection assay, real-time RT- 
PCR, mass spectrometry). Histological approaches 
offer the advantage of focusing the analysis on the 
relevant area. However, the quantification of his- 
tological observations relies on image analysis, 
which is not very sensitive, can be subjective and 
may be confounded by high variability due to tissue 
processing. Quantitative image analysis inevitably 
requires selection of a labeling threshold, which 
distinguishes specific signal from background. Al- 
though it is sometimes possible to establish a proto- 
col for objective selection of threshold [164], it is 
more common for the observer to set the threshold 
subjectively based on the labeling in control groups. 
Strategies for minimizing the effects of variability 
and subjectivity include: (1) process samples from 
different experimental groups in parallel so that each 
group is represented on a given slide; (2) determine 
the threshold ba.^cd on the labeling in the vehicle 
control group; (3) average measurements from sever- 
.li slides to v^biain tlic hfuil values !o! cAch Mii)icci. 
(4) perform tiic analysis blind to the experimental 
ctMiditions. 

Unlike histology, the tissue collection protocols 
associated with biochemical methods do not usually 
allow for precise microdissection of the region most 
likely to contain changes in expression. This could 
result in the dilution of any antisense effect, making 



it harder u> observe clianges. However, with the 
exception of methods based on electrophoresis and 
densitometry (Northern blot and Western blot), this 
disadvantage is outweighed by the superior sensitivi- 
ty and, in some cases, the ability to measure absolute 
amounts in individual samples. Using an RNA 
protection assay, Yukhananov et al., determined that 
treatment with ASO targeting the NMDA2RD 
suhunits decreased expression of the subunit from 
-1.5 It) - 0.75 amoi/(xg of total RNA (1 amol = 
10 mol) [23]. A relatively new approach for RNA 
quantiiication is real-lime RT-PCR, which measures 
niRNA levels based on the number of replication 
cycles necessary to delect the gene of interest in the 
siimplc relative to a housekeeping gene [165]. In its 
most commonly applied fomi, real-time RT-PCR 
measures are relative amounts, but methods for 
determining absolute amounts based on standard 
curves are under development [I66J. This approach 
has been used for quantification of antisense-me- 
diated knockdown (160,167) although due to its 
novelty, its representation is the literature is limited. 

At the protein level, quantitative evaluation of 
knockdown by ELISA is particularly feasible in the 
case of neurotrophins [77], for which there are 
commercially available tools that have been applied 
in numerous experimental paradigms, including 
transgenic animals [168]. However, the measurement 
of absolute expression levels using RNA protection 
or ELISA requires the generation of a standard curve 
of known amounts of niRNA/protein, which is 
usually not trivial. An additional limitation in the use 
of ELISA is the requirement for high-quality anti- 
bodies. A more predominant method for quantifica- 
tion of knockdown al the protein level is receptor 
binding (for example, see Refs. [24,162,1631). It is 
sensitive as well as technically straightforward. 
However, just as ELISA is dependent on antibodies, 
receptor binding (and autoradiography) is limited by 
the quality and availability of ligands. Since the 
itiouv.iiioii Sim nuuty iUiiiseiisc studies is the lack sr! 
setecltve ligands for functional distinction of sub- 
types, suitably selective ligands may not be avad- 
able. The use of non-selective ligands for receptor 
binding is an option [56] although the presence of 
additional non- ASO-targcled binding sites will dilute 
llie results, making it difhcull to detect knockdown. 
Advances m proleomic analytical methods based 
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on mass spccirt)inclry olTcr new approaches ior 
knockdown cvatuation 1169-173]. The advantages of 
mass spcclroniclry for protein quantification are its 
superior scnsuiviiy m the fmol range and the ability 
to assess proiem levels directly, independent of a 
ligand or antibody. Until recently, the application of 
mass spectrometry to analysis of complex protein 
mixtures from biological systems has been restricted 
by the limited capacity of two-dimensional gel 
electrophoresis (the predominant separation strategy) 
for detection of low abundance and transmembrane 
proteins [174]. This limitation has been overcome by 
the introduction of multidimensional liquid chroma- 
tography as an alternative separation strategy [171- 
173]. In addition, the use of isotope-coded affmity 
lags (ICATs) lias allowed measurement of relative 
differences in protein levels between two samples by 
mass spectrometry [122,169,170]. Although the ap- 
plication of these methods to the mammalian nervous 
system is just beginning to be explored and is likely 
to be challenging, their adaptation to antiscnse 
studies may factlilale the analysis of ASO-mediated 
knockdown of protein expression. 



iiilL-r|MCl llic results of functit)nal studies has im- 
proved dramatically. TechnoU)gies lor large-scale 
expression analysis at the RNA and protein level 
alh)w for global evaluation of both specific and 
non-specific ASO effects. Taken together, these 
advances have the potential to increase our under- 
standing of ihe mechanisms of ASO-hased ap- 
proaches, faciiilate the application of ASO as a 
functional genomics tool, and enable sophisticated 
approaches for the development of new pam 
therapies. The promise of antisense-based technology 
is therefore stronger than ever. 
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6. Conclusions 

The use of ASOs has contributed greatly to the 
field of pain and analgesia. Nevertheless, ASO-based 
approaches have failed to meet the high expectations 
initially placed upon them. This failure can be 
largely attributed to an underestimation of the com- 
plexity of anli.sensc technology and a lack of appro- 
priate tools for us successful application and evalua- 
tion. Over the past decade, sustained exploration has 
lead to an increasing understanding of the pitfalls 
encountered in in vivo ASO-based studies. This 
accumulated knowledge, in combination with con- 
tinued technological developments, have set the 
sta^e lor a long-overdue, systematic and in-depth 
analysis of ASO-mediated cifects in vivu. ilmpirical 
and in silict) methodologies for the selection ol 
active sequences and the development of new 
chemistries have improved the design, specificity and 
stability of ASOs. Sensitive methods for the evalua- 
tion of ASO-mediated knockdown have enabled 
quantitative assessment of the dose- and time-depen- 
dency of action. As a result, our ability to design and 
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